Using the QCD factorization approach, we reexamine the two-body hadronic charmless B-meson decays to final states involving a pseudoscalar (P ) and a vector (V ) meson, with inclusion of the important penguin contractions of the spectator-scattering amplitudes induced by the b → Dg * g * (with D = d or s, and g * denoting an off-shell gluon) transition, which are of order α 2 s . Their impacts on the CP -averaged branching ratios and CP -violating asymmetries are also examined. We find that these higher order penguin contraction contributions have significant impacts on some specific decay modes. Since B → πK * , Kρ decays involve the same electro-weak physics as B → πK puzzle, we present a detailed analysis for these decays and find that the five R-ratios for B → πK * , Kρ system are in agreement with experimental data except R(πK * ). Generally, these new contributions are found to be important for penguin-dominated B → P V decays.
Introduction
The study of hadronic charmless B-meson decays can provide not only an interesting avenue to understand the CP violation and the flavor mixing of quark sector in the Standard Model (SM), but also powerful means to probe different new physics scenarios beyond the SM. With the operation of B-factory experiments, huge amount of experimental data on hadronic B-meson decays has been analyzed with appreciative precision. To account for these experimental data, theorists are urged to gain deep insight into the rare hadronic B-meson decays, and to reduce the theoretical uncertainties in determining the flavor parameters of the SM from experimental measurements.
In the past few years, much progress has been made in understanding the hadronic charmless B-meson decays: several novel methods have been proposed, such as the "naive" factorization (NF) [1] , the perturbative QCD method (PQCD) [2] , the QCD factorization (QCDF) [3, 4] , the soft collinear effective theory (SCET) [5] , and so on; Some model-independent methods based on (approximate) flavor symmetries have also been used to analysis the rare hadronic B-meson decays [6, 7, 8] . These methods usually have very different understandings of the B-meson decays, and hence the corresponding predictions are also quite different. The general comparison between these methods can be found, for example, in Ref. [9] . Since we shall adopt the QCDF approach in this paper, we would only focus on this approach below.
The QCD factorization approach, put forward by Beneke et al. a few years ago, has been widely used for analyzing the rare hadronic two-body B-meson decays [3, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21] . The essence of this approach can be summarized as follows: since the b quark mass is much larger than the strong interaction scale Λ QCD , in the heavy quark limit, the hadronic matrix elements relevant to the two-body hadronic B-meson decays can be represented in the following factorization form [3] M 1 (p 1 )M 2 (p 2 )|Q i |B(p) = M 1 (p 1 )|j 1 |B(p) M 2 (p 2 )|j 2 |0
where Q i is the local four-quark operator in the effective weak Hamiltonian, j 1,2 are bilinear quark currents, and M 1 is the meson picking up the spectator quark from the B meson, while M 2 is the one which can be factored out from the (B, M 1 ) system. This scheme has incor-porated elements of the NF approach (as the leading contribution) and the hard-scattering approach (as the sub-leading corrections). It provides a powerful means to compute systematically radiative (sub-leading nonfactorizable) corrections to the NF result for the hadronic matrix elements relevant to the two-body hadronic B-meson decays. In particular, the finalstate strong interaction phases, which are very important for studying CP violation in B-meson decays, are calculable from first principles with this formalism. Detailed proofs and arguments related to this approach can be found in Refs. [3, 4] . Current status and recent developments of this approach have been reviewed recently in [22] .
In a recent work [21] , we have studied the higher order penguin contractions of the spectatorscattering amplitudes induced by b → Dg * g * transitions (where D = d or s, depends on the specific decay modes, and the off-shell gluons g * are either emitted from the internal quark loops, external quark lines, or splitted off the virtual gluon of the penguin diagrams), and investigated their impacts on the CP -averaged branching ratios and CP -violating asymmetries of B → ππ, πK decays. We have found that these higher order corrections are not negligible in the exclusive two-body hadronic B-meson decays, in particular, in penguin-dominated B → πK decays. Thus, combining the findings in the literature [23, 24, 25, 26, 27, 28, 29] , it should be very worthing to take account of these higher order penguin contraction contributions to both the inclusive and the exclusive B-meson decays. This encourages us to further investigate these effects on the hadronic charmless B → P V (where P and V denote pseudoscalar and vector mesons, respectively) decays.
Although the P V decay modes are closely related to their P P counterparts because of their similar flavor structures, they do have some advantages in some cases. For examples, due to the less penguin pollution, B → πρ decays are more suitable than B → ππ decays for extracting the weak angle α of the unitarity triangle of the Cabibbo-Kobayshi-Maskawa (CKM) quark-mixing matrix [30] . Studies on the two-body hadronic B → P V decays are therefore very helpful to deep our understandings of the rare hadronic B-meson decays. Earlier theoretical studies of B→P V decays based on various approaches can be found in Refs. [31, 32, 33, 34] . With the accumulation of new experimental data and the theoretical improvement, these B→P V decay modes have also been reanalyzed carefully [8, 12, 16, 19, 35] . In this paper, we will reexamine the hadronic charmless B → P V decays within the framework of the QCDF, taking account of the higher order penguin contractions of the spectator-scattering amplitudes as mentioned above. Here we do not consider those decay modes with an η or η ′ meson in the final states, since in this case we will encounter many additional unknown parameters such as the contents, the mixing angles, and the anomaly g −g −η (′) coupling pertaining to these two particles, which have hindered us from getting reliable theoretical predictions.
This paper is organized as follows. Sec. 2 is devoted to the theoretical framework. In this section, we first give the relevant formulas describing the decay amplitudes for the hadronic charmless B → P V decays within the QCDF formalism at next-to-leading order in α s , and then take into account the higher order penguin contraction contributions induced by the b → Dg * g * transition. In Sec. 3, we give our numerical results for the CP -averaged branching ratios and the CP -violating asymmetries of the hadronic charmless B → P V decays, and discuss the higher order penguin contraction contributions to these quantities. In addition, detailed analysis of the interesting decay modes, B → πK * and B → Kρ decays, are also presented in this section.
Finally, we conclude with a summary in Sec. 4. Some useful functions and the input parameters used in this paper are presented in Appendix A, B, respectively. 
where λ p = V pb V * ps (for b → s transition) and λ ′ p = V pb V * pd (for b → d transition) are products of the CKM matrix elements. The effective operators, Q i , which govern a given decay process, can be expressed explicitly as follows.
(i) Current-current operators:
(ii) QCD-penguin operators:
(iii) Electroweak penguin operators:
(iv) Electro-and chromo-magnetic dipole operators: 
Decay amplitudes at next-to-leading order in α s
With the effective Hamiltonian given by Eq. (2), the decay amplitudes for a general hadronic charmless B → P V decay can be written as
Then, the most essential theoretical problem in describing the hadronic B-meson decays resides in the evaluation of the hadronic matrix element of the local operators P V |Q p i |B . Within the formalism of the QCDF, this quantity could be greatly simplified. To leading power in Λ QCD /m b , but to all orders in perturbation theory, it obeys the following factorization formula Feynman diagrams contributing to these kernels at next-to-leading in α s are shown in Fig. 2 .
The leading terms of T I i come from the tree level diagrams, and the order of α s terms of T I i can be depicted by the vertex-correction diagrams Fig. 2 (a-d) and the penguin-correction diagrams Fig. 2 (e-f). The kernel T II i describes the hard interactions between the spectator quark and the emitted meson M 2 where the gluon virtuality is also large. Its lowest order terms are of order α s and can be depicted by the hard spectator-scattering diagrams Fig. 2(g-h) . At the leading order in α s , T I i = 1, T II i = 0, and the QCDF formula reproduce the NF results. As for the nonperturbative part, it is either power suppressed in Λ QCD /m b or can be separated into the transition form factors and the LCDAs of mesons.
With the above discussions on the effective Hamiltonian of hadronic B-meson decays and the QCDF formula of the hadronic matrix element, the decay amplitude of a general hadronic Figure 2 : Order α s corrections to the hard-scattering kernels T I M 2 ,i (coming from the diagrams (a)-(f)) and T II i (coming from the last two diagrams).
charmless B → P V decay, in the heavy quark limit, can then be written as
where P V |Q i |B F is the factorized hadronic matrix element, which has the same definitions as that in the NF approach. The explicit expressions of the decay amplitudes for the hadronic charmless B → P V decays can be found, for example, in the Appendixes of Refs. [19, 31, 32] .
All the "nonfactorizable" effects are encoded in the coefficients a p i , which are process dependent and can be calculated perturbatively. Following Beneke et al. [19] , the general forms of the coefficients a p i (i = 1 to 10) at next-to-leading order in α s , with M 1 being the meson picking up the spectator quark, can be written as
where the upper (lower) signs apply when i is odd (even). The quantities V i (M 2 ) account for one-loop vertex corrections, H i (M 1 M 2 ) for hard spectator interactions, and P p i (M 2 ) for penguin contributions. The explicit expressions for these functions can be found in Ref. [19] .
It is noted that, when calculating the decay amplitudes of hadronic charmless B → P V decays, the coefficients a p i (i=3 to 10) always appear in pairs. So one can define the following quantities α p i in terms of the coefficients a p i [19] 
with M 1 being the meson that absorbs the spectator quark and M 2 the emitted meson. The scale-dependent ratio r M 2 χ is defined as
where all quark masses are the running current masses defined in the MS scheme, and f ⊥ V (µ) is the scale-dependent transverse decay constant of the vector meson. Although all these terms proportional to r M 2 χ are formally power suppressed by Λ QCD /m b in the heavy-quark limit, they are chirally enhanced and numerically not small. Therefore, phenomenological applications of the QCDF method in hadronic B-meson decays requires at least a consistent inclusion of these chirally enhanced corrections.
According to the arguments in [3] , the weak annihilation contributions to the decay amplitudes are power suppressed, and hence do not appear in the QCDF formula, Eq. (8) . Nevertheless, as emphasized in Refs. [2, 38, 39] , these contributions may be numerically important for realistic B-meson decays. In particular, the annihilation contributions with QCD corrections could give potentially large strong phases, hence large CP violation could be expected [2, 38] .
It is therefore necessary to take the annihilation contributions into account. At leading order in α s , the annihilation kernels arise from the four diagrams shown in Fig. 3 . They result in a further contribution to the hard scattering kernel T II i in the QCDF formula, Eq.(8). However, within the formalism of QCDF, these annihilation topologies violate factorization because of the end-point divergence. In this work, following the treatment of Refs. [10, 40] , we will introduce a cutoff to parameterize these contributions, and express the weak annihilation decay Figure 3 : The weak annihilation diagrams of order α s .
amplitudes as
where f B and f M are the decay constants of the initial B and the final-state mesons, respectively.
The parameters b i (M 1 M 2 ) describe the annihilation contributions, and their explicit expressions can be found in Refs. [10, 19] . The expressions of the weak annihilation decay amplitudes for hadronic charmless B → P V decays can be found in Refs. [16, 19] .
It should be noted that, within the QCDF framework, all the "nonfactorizable" power suppressed contributions except for the hard spectator interactions and the weak annihilation The recent global fit with the QCDF approach [17, 35, 41] indicate that the penguin amplitudes predicted with the QCDF approach are too small with too small strong phases relative to the tree amplitudes to account for the large branching ratios of some strange channels. As discussed in literature [23, 24, 25, 26, 27, 28, 42] , the b → sgg transitions play an important role in the inclusive and semi-inclusive B-meson decays. In addition, in a recent work [21] , we found that the higher order penguin contractions of the spectator-scattering amplitudes induced by the b → Dg * g * transition also play an important role in the exclusive two-body hadronic charmless B-meson decays. Motivated by these arguments, in this subsection, we shall investigate the higher order penguin contraction contributions to the hadronic charmless B → P V decays.
At the quark level, the b → Dg * g * transition can occur in many different manners as Figure 4 : Representative diagrams induced by the b → Dg * g * transition which are not evaluated.
Here we give only the chromo-magnetic dipole operator Q 8g contributions. With Q 8g replaced by the other operators, the corresponding diagrams for these operators can also be obtained. As shown by Figs. 5 and 6, these Feynman diagrams should be the dominant sources contributing to the penguin contractions of the spectator-scattering amplitudes of order α 2 s , since they are not two-loop QCD diagrams, and hence there are no additional 1 16π 2 suppression factor in their contributions compared to the genuine two-loop ones of order α 2 s . Studies on these contributions could be very helpful for understanding the higher order perturbative corrections to the rare hadronic B-meson decays within the QCDF formalism. In the following, we shall evaluate these higher order penguin contractions of the spectator-scattering amplitudes induced by the b → Dg * g * transition, and discuss their contributions to the hadronic charmless B → P V decays.
We start with the calculation of the Feynman diagrams in Fig. 5 . In this case, the b quark weak decay is induced by the chromo-magnetic dipole operator Q 8g . After direct calculation, we get
when M 1 is a pseudoscalar and M 2 a vector meson. For the opposite case of a vector M 1 and a pseudoscalar M 2 , one has to change the sign of the second term in the bracket of Eq. (14) .
are products of the CKM matrix elements. As always, Φ M and Φ m denote the leading-twist and twist-3 LCDAs of the meson M in the final states, respectively.
In calculation of the Feynman diagrams of Fig. 6 , we follow the method proposed by Greub and Liniger [26] . First, we calculate the fermion loops in these individual diagrams, and then insert these building blocks into the entire diagrams to obtain the total contributions. In evaluating the internal quark loop diagrams, we shall adopt the naive dimensional regularization (NDR) scheme and the modified minimal subtraction (MS) scheme. In addition, we shall adopt the ad hoc Feynman gauge for the gluon propagator throughout this paper. Analogous to the calculation of the penguin diagrams in Fig. 2 (e), we should also consider two distinct contractions in the weak interaction vertex of the penguin operators.
As can be seen from Fig. 6 , the first three Feynman diagrams have the same building block I a µ (k) (corresponding to the contraction of operators Q 1,3,9 ) orĨ a µ (k) (corresponding to the contractions of the operators Q 4,6,8,10 ). These building blocks are depicted by Fig. 7 and given by
where k is the momentum of gluon, T a = λ a 2 , with λ a the Gell-Mann matrices, g s is the strong coupling constant, and m q the pole mass of the quark propagating in the quark loop. The free indices µ and a should be contracted with the gluon propagator when inserting these building blocks into the entire Feynman diagrams. Here we have used d = 4 − ǫ.
After performing the subtraction with the MS scheme, we get
with the function G(s, r) defined by where the term iδ is the "ǫ-prescription", and r = k 2 /m 2 b . The sum of the fermion loops in the last two diagrams in Fig. 6 are denoted by the building block J ab µν (k, p) (corresponding to the contraction of operators Q 1,3,9 ) orJ ab µν (k, p) (corresponding to the contraction of operators Q 4,6,8,10 ), which are depicted by Fig. 8 . Using the decomposition advocated by [25, 26] , these building blocks can be expressed as
where the first part is symmetric, while the second one is antisymmetric with respect to the color structures of the two off-shell gluons. Here k(p), a(b), and µ(ν) are the momentum, color, and polarization of the off-shell gluons. Below, we refer to the gluon with indices (ν, b, p) as the one connecting with the spectator quark.
In the NDR scheme, after integrating over the (shifted) loop momentum, we can represent
where the matrix E in Eq. (22) is defined by
with the second line obtained in a four dimension context with the Bjorken-Drell conventions.
The parameter a in Eq. (25) denotes the chiral structure of the local four-quark operators in the weak interaction vertex with a = ± corresponding to (V − A) ⊗ (V ∓ A), respectively. The explicit forms of the dimensionally regularized expressions for the ∆i functions can be found in Appendix B of Ref. [21] .
Equipped with the explicit forms of these building blocks, we can now evaluate all the Feynman diagrams in Fig. 6 . After direct calculations, the final results for these penguin contractions of spectator-scattering amplitudes for hadronic charmless B → P V decay modes, with the subscript denoting the contraction of the corresponding operator in the weak interaction vertex, can be expressed as
with
when M 1 is a pseudoscalar and M 2 a vector meson. For the opposite case, i.e., M 1 is a vector and M 2 a pseudoscalar meson, one needs only change the sign of the first term in the functions f i defined above. The argument m q in the above functions f i is the pole quark mass propagating in the fermion loops. At this stage, the ∆ i functions appearing in Eqs. (37) and (38) are the ones that have been performed the Feynman parameter integrals, whose explicit forms can be found in Appendix B of Refs. [21, 28] . For convenience, we also list them in Appendix A.
With the individual operator contributions given above, the total contributions of the penguin contractions of spectator-scattering amplitudes to a general hadronic charmless B → P V decay can be written as
where the superscript '′' of the decay amplitude indicate the one to be distinguished from the next-to-leading order results given by Eqs. (9) and (13) . The total decay amplitudes for a general hadronic charmless B → P V decays are then the sum of these three pieces
where the first two pieces have already been taken into account [17, 19] , while the last one, representing contributions of the penguin contractions of spectator-scattering amplitudes of order α 2 s , has not been considered previously with the QCDF approach.
Numerical results and discussions
With the theoretical expressions and the input parameters as collected in Appendix B, we can now evaluate the branching ratios and the direct CP -violating asymmetries of the twobody hadronic charmless B → P V decays, with P = (π, K) and V = (ρ, ω, K * , φ). For each quantity, we first give the predictions at next-to-leading order in α s , and then take into account the higher order penguin contractions of spectator-scattering amplitudes induced by the b → Dg * g * transition. The combined contribution of these two pieces, denoted by O(α s + α 2 s ), is then given in the last. For comparison, results of the NF approximation are also presented. All the experimental data are taken from the home page of the Heavy Flavor Averaging Group (HFAG) [43] .
Branching ratios of B → P V decays
With the total decay amplitudes given by Eq. (40), the branching ratios of a general hadronic charmless B→P V decays in the B-meson rest frame can be written as
where τ B is the lifetime of B meson, and |P c | is the absolute value of the momentum of final-state hadrons in the B-meson rest frame and given by
The branching ratios of the CP -conjugated decay modes can be obtained from Eq. 
In the following discussions, we classify the charmless B → P V decays into two categories:
the strange-changing (∆S = 1) and the strange-conserving (∆S = 0) processes. Considering the hierarchies of the CKM matrix elements and the magnitudes of the Wilson coefficients, we expect that the ∆S = 1 decay channels are generally penguin-dominated, while the ∆S = 0 ones are tree-dominated. In addition, the higher order penguin contractions of the spectatorscattering amplitudes are expected to have a bigger impact on the ∆S = 1 processes than on the ∆S = 0 processes, because of the CKM factor suppressions in the latter. Numerical results of the CP -averaged branching ratios for these hadronic charmless B → P V decays are collected in Tables 1 and 2 , whereB f andB f +a denote the results without and with the For penguin-dominated ∆S = 1 decays, since the "nonfactorizable" effects have large contributions to the QCD penguin coefficients α p 3,4 , the predicted branching ratios with the QCDF approach are usually quite different from those obtained with the NF approximation. In addition, the weak annihilation contributions to these decay channels are also quite sizable. Combining the numerical results given by Table 1 , we have the following remarks.
• The decays B → πK * and B → Kφ. The predicted CP -averaged branching ratios of these decay modes are consistently lower than the experimental data. The dominant contributions to the decay amplitudes of these decay modes are proportional to the coefficient α p 4 (P V ) = a p 4 (P V ) + r V χ a p 6 (P V ). The weak annihilation contributions and the higher order penguin contraction contributions can give enhancements to these branching ratios by about 30% ∼ 70%. With the inclusion of these two effects, the discrepancy between the theoretical predictions and the experimental data can be reduced significantly. In addition, large interference effects between the tree and the penguin amplitudes in some decay channels, such as the decays B 0 → π + K * − and B − → π 0 K * − , are expected. It is thus possible to extract the weak angle γ = arg(V * ub ) from these decay channels, which are sensitive to the angle γ.
• The decays B → Kρ and B → Kω. The predicted CP -averaged branching ratios of these decay modes are also lower than the experimental data. In these decay channels, the dominant penguin coefficient is α p 4 (V P ) = a p 4 (V P ) − r P χ a p 6 (V P ). Since both the vector penguin coefficient a p 4 (V P ) and the scalar penguin coefficient a p 6 (V P ) are negative, the destruction between them reduce α p 4 (V P ) very much. The branching ratios of these modes are therefore significantly smaller than those of the corresponding B → P P counterparts. It also makes the sub-leading corrections important to account for the experimental data. However, after the inclusion of the next-to-next leading order penguin contraction contributions, the branching ratios of these decay channels will be decreased by about 20% ∼ 30%. The weak annihilation contributions, however, tend to increase the branching ratios significantly, which are very crucial for explaining the current measured data.
For ∆S = 0 decays, since the b → d penguin contribution is suppressed by the CKM factor λ ′ t compared to the b → s penguin, most of them are dominated by the tree amplitudes, however, with a few exceptions. Considering the large uncertainties in the experimental data on these CP -averaged branching ratios, the theoretical predictions for most decay modes are roughly consistent with the data. Some general remarks are in order.
• The decays B 0 → π ± ρ ∓ and B − → π 0 ρ − , π − ρ 0 , π − ω. These decay channels are dominated by the tree amplitudes and depend mainly on the large coefficient α 1 , which receives small radiative corrections. Thus, there are no large differences between the predictions of the QCDF approach and those of the NF approximation. Both the weak annihilation contributions and the higher order penguin contraction contributions are small for these decay channels.
• The decays B 0 → π 0 ρ 0 and B 0 → π 0 ω. Since these decay channels are dominated by the tree coefficient α 2 , which is far smaller than the coefficient α 1 , they are predicted to have smaller branching ratios. The higher order penguin contraction contributions are always smaller than the weak annihilation contributions. In addition, because of π 0 (ρ 0 ) =ū u−dd √ 2 and ω =ū u+dd √ 2 , a large destructive interference occurs in the decay amplitudes of the decay B 0 → π 0 ω, explaining whyBr(B 0 → π 0 ω) ≪Br(B 0 → π 0 ρ 0 ). By the same reason, both the weak annihilation and the higher order penguin contraction contributions play a more important role in the π 0 ω mode than in the π 0 ρ 0 mode.
• The decays B − → K − K * 0 and B 0 → K 0 K * 0 . These decay channels are dominated by the b → d penguin transition. In their decay amplitudes, the dominant terms are proportional to the coefficient α p 4 (P V ). Analogous to the discussions of the decays B → πK * , we find that the weak annihilation contributions and the higher order penguin contraction contributions can increase their branching ratios by about 40% ∼ 50%. The penguin coefficients are, however, strongly suppressed by the CKM factor |λ ′ t /λ t | ∼ 0.2. The branching ratios of these decay modes are therefore smaller than those of the decays B → πK * .
• The decays B − → K 0 K * − and B 0 → K 0 K * 0 . These decay channels are also dominated by the b → d penguin transition. The dominant contributions to the decay amplitudes are, however, proportional to α p 4 (V P ). Due to the delicate cancellations among various competing terms, their branching ratios are relatively small. This also renders the weak annihilation contributions to these decay channels potentially large. The higher order penguin contraction corrections interfere destructively with the normal QCDF results and will decrease the branching ratios by about 30%. In addition, it should be noted that since α c 4 ≈ α u 4 and |λ ′ u | ≈ |λ ′ c |, large interference effects exist between these two terms, the branching ratios of these b → d penguin dominated decay modes have a strong dependence on the weak angle γ.
• The decays B 0 → K + K * − , K − K * + . These two decay channels are pure annihilation processes. Studying on these decay modes may be helpful to learn more about the strength of annihilation contribution and to provide some useful information about final state interactions. Their branching ratios can hardly be affected by the higher order penguin contraction contributions.
• The decays B − → π − φ and B 0 → π 0 φ. These two decay channels do not receive the weak annihilation contributions and are pure penguin processes. Due to the small coefficients α p 3 (πφ) and α p 3,ew (πφ), the branching ratios of these decay channels are quite small. From the numerical results, we can see that the "nonfactorizable" contributions dominate these decays. The higher order penguin contraction contributions have negligible impact on these decay channels.
From the above discussions, we can see that the higher order penguin contractions of the spectator-scattering amplitudes play an important role in penguin-dominated B → P V decays, while for tree-dominated B → P V decays, their effects are usually quite small. In particular, for decay modes dominated by the coefficient α p 4 (P V ), these higher order penguin contraction contributions can increase the branching ratios by about 30% ∼ 70%, while for the opposite case where the decay amplitudes are dominated by the coefficient α p 4 (V P ), the branching ratios will be decreased by about 20% ∼ 30% after the inclusion of these higher order contributions.
Direct CP -violating asymmetries of B → P V decays
As is well-known that the CP violation and the quark mixing parameters are closely related to each other in the SM. Studies on the CP asymmetries can therefore provide additional information about the flavor parameters of the SM. In this subsection, we will discuss the direct CP -violating asymmetries of the hadronic charmless B → P V decays with the QCDF approach. In particular, we will investigate the impact of penguin contractions of the spectatorscattering amplitudes on this quantity.
Here we adopt the standard "B minus B " convention for the direct CP -violating asymmetry [19, 43] 
in terms of the branching ratios. Our numerical results of the CP -violating asymmetries for charmless B→P V decays are listed in Tables 3 and 4 . The parameters A f CP and A f +a CP denote the predictions without and with the weak annihilation contributions, respectively. Some remarks are as follows.
• The direct CP -violating asymmetries of most B → P V decays are predicted to be typically small within the QCDF formalism. This could be well understood, since the direct CP -violating asymmetries are proportional to the sines of the strong interaction phase shifts between two contributing amplitudes with both different weak and strong phases, which are usually suppressed by α s and/or Λ QCD /m b within the QCDF formalism. This is particularly true for decay modes with only one dominating decay amplitude, for example, the decays B 0 → π − ρ + and B − → K 0 ρ − .
• Since the coefficients α 2 and α p 4 can receive a large imaginary part from the "nonfactorizable" contributions with the QCDF approach, there might be large direct CP -violating asymmetries for those α 2 and α p 4 dominant decay modes. In addition, the direct CPviolating asymmetries for these decay modes are usually strongly affected by the weak annihilation contributions. For example, the decays B − → π 0 K * − and B 0 → π 0 ω belong to this category.
• Although the individual Feynman diagram in Fig. 6 carries large strong phase, the combining contributions of these higher order diagrams contain only a relatively small one. The direct CP -violating asymmetries (in units of 10 −2 ) for hadronic charmless B → P V decays with ∆S = 0. We do not consider the decay modes B → πφ and B 0 → K ± K * ∓ , since their branching ratios are much smaller. The captions are the same as in Table 3 . Thus, these higher order penguin contraction contributions to the direct CP -violating asymmetries for most B → P V decays are also small, but with a few exceptions discussed below.
• From Table 4 , we can see that the higher order penguin contraction contributions have significant effects on the direct CP -violating asymmetries of the decays B 0 → π 0 ρ 0 and B 0 → π 0 ω, even changing the sign of those predicted at next-to-leading order in α s . This is due to the delicate cancellations among the competing terms in their decay amplitudes, making these higher order penguin contraction contributions potentially large. In addition, the annihilation contributions have also significant effects on the direct CP -violating asymmetries of these decay modes, but with opposite signs.
• From the numerical results listed in Tables 3 and Table 4 , we can see that the higher order penguin contraction contributions to the direct CP -violating asymmetries of penguindominated B → P V decays usually obey the following general rules: for decay modes dominated by the coefficient α p 4 (P V ), the higher order contributions will decrease the direct CP -violating asymmetries, while for the opposite case where the decay amplitudes are dominated by the coefficient α p 4 (V P ), the direct CP -violating asymmetries will be increased after the inclusion of these higher order contributions. In addition, the weak annihilation contributions in the latter case are more important than in the former, due to the destructive interference between the QCD penguin coefficients a p 4 and a p 6 appearing in the coefficient α p 4 (V P ). and which one, if exist as hinted by "πK" puzzles, is more favored. In addition, these decay modes can also be used to extract the weak angle γ [45] . So, detailed studies on these decay decay modes on the weak phase γ, where the solid and the dashed lines correspond to the theoretical predictions with and without the higher order penguin contraction contributions, respectively. The horizontal solid lines denote the experimental data as given in Table 1 , with the thicker one denoting its center value and the thinner ones its error bars. The NF results denoted by the dash-dotted lines are also shown for comparison. In these and the following figures, the default values of all input parameters except for the CKM angle γ are used.
From these two figures and the numerical results given by Table 1 , we can see that the experimental data on these decay modes are usually larger than the theoretical predictions; Since the uncertainties in the predictions of the branching ratios can be largely eliminated by taking ratios between them, in the following we will discuss some ratios between the branching fractions of these decay modes, like the ones defined for B → πK decays [46] .
For B → πK * decays, we define the following three ratios between the CP -averaged branching fractions [45] 
Substituting the ρ(K) meson for the π(K * ) meson, we can get another three similar quantities corresponding to B → Kρ decays. The theoretical predictions and the current experimental data of these ratios are collected in Table 5 . For the γ dependence of these quantities, we display them in Figs. 11 and 12 , where the lines have the same interpretations as in Fig. 9 .
From these two figures and the numerical results given in Table 5 , we can see that: is the same as in Fig. 9 .
• Considering the large uncertainties in the experimental data, our theoretical predictions for most of these ratios are roughly consistent with the data. From the γ dependence of these ratios, the preferred value of this phase is also consistent with that given in [51] .
• Since these ratios are usually dependent of fewer input parameters, large uncertainties, for example, related to the heavy-to-light form factors, can be eliminated in these quantities.
Thus, they are more appropriate to derive information about the weak phase γ as well as the tree and the penguin coefficients. Furthermore, compared to their P P counterparts, the leading penguin contributions in these P V modes are usually smaller due to either power suppressions or delicate cancellations among the vector and the scalar penguin coefficients a p 4,6 . Thus, sub-leading contributing amplitudes, for example, the weak anni- • From the explicit expressions of the decay amplitudes for these decay modes [19] , we can see that differences between the two ratios R c and R n for both πK * and Kρ modes arise mainly from the color-allowed electro-weak penguin coefficient α p 3,ew , which are predicted to be small. The two ratios R c and R n are therefore expected to be approximately equal within the SM. However, due to the delicate cancellations among various competing terms, these ratios are strongly affects by the sub-leading, in particular, the weak annihilation terms. After including the annihilation contributions, the two ratios R c and R n are indeed approximately equal. The current data, however, indicate that R n (πK * ) is somewhat larger that R c (πK * ), but with large uncertainties. Unfortunately, due to the insufficient data on the branching ratios of the Kρ decays, direct experimental comparison between R c (ρK) and R n (ρK) is not feasible. Once the experimental "R c − R n " comparison in the case of πK * and Kρ decays are available, we can determine whether our theoretical predictions based on the QCDF approach are correct.
• As the higher order penguin contraction contributions are similar in nature, and hence eliminated in the ratios between the corresponding branching fractions, the patterns of these quantities remain nearly unaffected even after these higher order contributions are included.
With refined measurements available in the coming years, it would be very interesting to check whether the theoretical predictions for these ratios are consistent with the data. In addition, studies on these B → P V modes can help us to understand the "πK" puzzles [44] .
Conclusions
In this paper, we have reexamined the hadronic charmless B → P V decays (with P = (π, K), and V = (ρ, K * , ω, φ)) within the framework of the QCDF, taking into account the penguin contractions of the spectator-scattering amplitudes induced by the b → Dg * g * transition, which are of order α 2 s . The main conclusions of this paper are summarized as following.
1. For penguin-dominated B → P V decays, predictions of the QCDF approach are usually quite different from the ones obtained by the NF approximation due to large "nonfactorizable" effects on the penguin coefficients. Contrary to their P P counterparts, the P V modes usually have smaller dominant penguin coefficients α p 4 , rendering the sub-dominant terms potentially large. For example, the weak annihilation contributions, though power suppressed in the QCDF approach, are important in these penguin-dominated decay modes. In addition, the higher order penguin contraction contributions can interfere with the α s order results constructively or destructively, and hence are also significant for these decay modes. In particular, for decay modes in which the spectator quark goes to the pseudoscalar meson in the final states, i.e., decay modes dominated by the coefficient α p 4 (P V ), these higher order penguin contraction contributions can increase the CP -averaged branching ratios by about 30% ∼ 70%, while for the opposite case where the decay amplitudes are dominated by the coefficient α p 4 (V P ), the branching ratios will be decreased by about 20% ∼ 30% after the inclusion of these higher order contributions.
2. For either tree-dominated decays, or the decay channels having only the penguin coefficients α p 3 , α p 3,ew or having only the weak annihilation contributions, the higher order penguin contraction contributions to the CP -averaged branching ratios are very small.
3. Since the direct CP -violating asymmetries are proportional to the sine of the strong interaction phase, which is usually suppressed by α s and/or Λ QCD /m b within the QCDF formalism, most of the charmless B → P V decays are predicted to have typically small direct CP -violating asymmetries. But, for those decay modes where there are large interference effects between various contributing decay amplitudes, large direct CP -violating asymmetries are predicted with the QCDF approach.
4. Because of large cancellations among the higher order penguin contraction contributions, only a relatively small strong phase remains. Thus, these higher order penguin contraction contributions to the direct CP -violating asymmetries for most B → P V decays are also small, but with a few exceptions. In the decays B 0 → π 0 ρ 0 and B 0 → π 0 ω, because of the delicate cancellations among the competing terms in their decay amplitudes, these higher order penguin contraction contributions have significant effects on the direct CPviolating asymmetries. In addition, the higher order penguin contraction contributions to the direct CP -violating asymmetries of penguin-dominated B → P V decays usually obey the following general rules: for decay modes dominated by the coefficient α p 4 (P V ), the higher order contributions will decrease the direct CP -violating asymmetries, while for the opposite case where the decay amplitudes are dominated by the coefficient α p 4 (V P ), the direct CP -violating asymmetries will be increased after the inclusion of these higher order contributions.
5.
With more accurate experimental results available in the coming years, it would be very interesting to check whether the theoretical predictions for the ratios R, R c , and R n for both the πK * and the Kρ decay modes are consistent with the experimental data. In particular, the experimental R c − R n comparison with the case of πK * and ρK decays are very crucial for our understandings of the "πK" puzzles.
Although the theoretical results presented here still have large uncertainties, the penguin contractions of the spectator-scattering amplitudes induced by the b → Dg * g * transition, which are of order α 2 s , have been shown to be very important for the hadronic charmless B → P V decays, particularly for the penguin-dominated decay modes. It is very interesting to note that the 1-loop (α 2 s ) correction to the hard spectator scattering in the tree-dominated B → ππ decays has been performed recently [47] , which forms another part of the NNLO contribution to the QCD factorization formula for hadronic B-meson decays. As for PQCD, NLO corrections have been carried out for B → ππ, πK and ρρ decays [48] very recently. With the steady progress in experimental measurements at BaBar and Belle, further systematic studies on these higher order contributions to the rare hadronic B-meson decays are therefore interesting and deserving. and the explicit form for G −1,0 (t) could be found in Ref. [26] .
In addition, we have also defined the function T i (t), which is defined by
The explicit form for T 0 (t) is given by [28] T 0 (t) =
; t > 4.
APPENDIX B: INPUT PARAMETERS
In this appendix, we present the relevant input parameters used in our numerical calculations as follows.
Wilson coefficients.-The Wilson coefficients C i (µ) have been reliably evaluated to nextto-leading logarithmic order [36, 49] . 
and choose the four Wolfenstein parameters (A, λ, ρ, and η) as A = 0.8533, λ = 0.2200,ρ = 0.20,η = 0.33,
withρ andη defined byρ = ρ (1 − λ 2 2 ) ,η = η (1 − λ 2 2 ). Masses and lifetimes.-For the quark mass, there are two different classes appearing in the QCDF approach. One type is the pole quark mass which appears in the evaluation of the penguin loop corrections, and is denoted by m q . In this paper, we take m u = m d = m s = 0, m c = 1.46 GeV, m b = 4.65 GeV.
The other one is the current quark mass which appears in the factor r M χ . This kind of quark mass is scale dependent. Following Ref. [19] , we hold (m u + m d )(µ)/m s (µ) fixed and use m s (µ)
as an input parameter [51] 
where the difference between the u and d quark is not distinguished.
For the lifetimes and the masses of the B mesons, we adopt the center values given by [51] τ Bu = 1.671 ps , τ B d = 1.536 ps , m Bu = 5.2794 GeV , m B d = 5.2790 GeV , (66)
The masses of the light mesons are also chosen from Ref. [51] .
Light-cone distribution amplitudes (LCDAs) of mesons.-The LCDAs of mesons are also basic input parameters in the QCDF approach. In the heavy quark limit, the light-cone projectors for the B, the pseudoscalar, and the vector mesons in the momentum space can be expressed, respectively, as [3, 19] 
where k 1 and k 2 are the quark and anti-quark momenta of the meson constituents and defined, respectively, by
F B→π 1 (0) = 0.258 [61] , F B→K 1 (0) = 0.331 [61] , A B→ρ 0 (0) = 0.303 [61] ,
A B→K ⋆ 0 (0) = 0.374 [61] , A B→ω 0 (0) = 0.281 [61] .
where the form factors are evaluated at the maximal recoil region. The dependence of the form factors on the momentum-transfer q 2 can be found in Ref. [61] . It should be noted that the transverse decay constant f ⊥ V is scale dependent.
